Although both diabetic and non-diabetic rats demonstrated a significant increase in uterine wet weight following a single injection of 17-beta estradiol the increase in uterine insulinlike growth factor-I expression was significantly less marked in diabetic rats. Acute administration of insulin together with estradiol had no significant effect on serum insulin-like growth factor-I concentrations or hepatic insulin-like growth factor-I mRNA abundance; however, the uterine insulinlike growth factor-I response was significantly (p<0.01) augmented. The observations reported here demonstrate that hepatic insulin-like growth factor-! gene expression is markedly reduced in the diabetic rat and that the estradiolinduced uterine insulin-like growth factor-I response is significantly diminished, consistent with the hypothesis that there is a defect in insulin-like growth factor-I gene activation in the diabetic rat.
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Experimentally-induced and spontaneous diabetes mellitus in the rodent results in profound growth retardation and a reduction in plasma insulin-like growth factor-I (IGF-I) concentrations [1, 2] . Elevated somatostatin [3] and the consequent reduced growth hormone (GH) secretion have been demonstrated in the diabetic rat [4] , however this alone does not explain the growth retardation since these animals are unresponsive to exogenous GH [1, 5, 6] . The cause of this GH resistance is not clear but both receptor [5] and post-receptor defects [6] have been proposed. In addition, impaired skeletal growth, poor wound healing [7] , diminished proliferation of mesenchymal bone precursor cells [8] , and regression of experimental tumours [9] have been documented in the diabetic rodent suggesting that there is a more generalised defect in cellular proliferation in the diabetic rodent [10] . Evidence is available from a number of investigators that circulating IGF-I, predominantly hepatic in origin, is reduced in the diabetic rat; however, there is little data on IGF-I expression in peripheral tissues where IGF-I may have important paracrine and/or autocrine actions. Furthermore, in addition to its role as a mediator of GH action, IGF-I may be involved in other proliferative responses, for example compensatory hypertrophy and/or hyperplasia after partial hepatic and renal resection [11, 12] . Thus, a defect in IGF-I gene activation in the diabetic animal may explain the impaired proliferative response seen in different tissues.
In previous reports from this laboratory we proposed that IGF-I may function as an estromedin [13] and demonstrated that 17-beta estradiol (E2) increases uterine IGF-I expression in the ovariectomised rat [14] . Since absent or diminished uterine myometrial and epithelial proliferative response to E2 has been reported in the diabetic rat [15] we have examined the effect of E2 on uterine IGF-I gene expression in the ovariectomised, STZ-diabetic rat.
Materials and methods

Animal studies and RNA isolation
Sprague-Dawley rats, ovariectomised (ovex) at 50-75 g body weight were obtained from Charles River Canada (St. Constance, Quebec) and acclimatised in holding cages for approximately 1-2 weeks. Intact mature female rats of the same strain were obtained from a local source. Animals had achieved a body weight of 200 250 g at the time of experimentation. For induction of diabetes a single i.p. injection of streptozotocin (STZ, Sigma, St Louis, Mo, USA), 100 mg/kg body weight (BW) was administered to rats which had been fasted overnight. Control rats received an equivalent volume of citrated buffered saline pH 3.0. STZ-treated rats which gained less than 1 g BW over the subsequent 6 days were considered diabetic. In our experience this criteria invariably correlates with glucourea and significant hyperglycaemia at the time of death on day 6. On the morning of day 7, ovariectomised rats received a single i.p. injection of 17 betaestradiol (E2), 5 ~tg/100 g BW, or an equivalent volume of vehicle (5% ethanol, 95% phosphate buffered saline) and were killed 6 h later. This time point was chosen since we have previously shown that maximal uterine IGF-I mRNA abundance occurs 6 h after E2 injection [14] . Some diabetic rats received 10 U of porcine insulin (Actrapid MC, Connaught Novo, Toronto, Canada) subcutaneously at the time of E2 administration. The uterus and liver tissue were rapidly removed and immediately frozen on dry ice and stored at -70~
Total RNA was extracted from 4 or 5 individual rat liver samples, picked at random from each treatment group, or from pooled uteri from 4-8 rats using the guanidinium isothiocyanate-cesium chloride technique [16] . In some experiments, pooled uterine RNA was obtained from mature virgin diabetic and non-diabetic rats (200-250 g BW). These rats were killed at random stages of the estrous cycle since previous studies have shown tht there is only a small change in uterine IGF-I expression throughout the estrous cycle [13] .
RNA blot hybridisation
RNA were separated by electrophoresis in a I% agarose, 2.2 mol/l formaldehyde gel [17] and transferred to nitrocellulose filters [18] . Filters were prehybridised for 16 h at 42~ in a solution containing 50% formamide, 20mmol/1 NaH2PO4, pH7, 4X SSC (1X= 0.15 mol/l NaC1, 0.015 mol/l sodium citrate), 2 mmol/1 EDTA, 4X Denhardt's solution (1 X= 0.02% bovine serum albumin, ficoll and polyvinylpyrrolidine), 0.1% SDS and 100 gg/ml sonicated, denatured salmon sperm DNA. Hybridisation was performed at 42~ in the same solution. Filters were washed initially at room temperature with 2X SSC and 0.1% SDS and finally washed for 1 h at 65~ in 0AX SSC and 0.1% SDS. Gel-purified insert of plasmid containing the rat IGF-I cDNA [19] was nick translated to a specific activity of 108 dpm/.ug of DNA using 32p-dCTP (New England Nuclear, La-843 chire, Quebec, Canada) and nick-translation reagents obtained from Amersham Canada Ltd. (Oakville, Ontario, Canada). Because of the inherent difficulty in quantitating low abundance transcripts by Northern analysis we also quantitated IGF-I mRNA by dot blot hybridisation. Appropriate serial dilutions of RNA (5-40 ~tg) to yield a linear densitometric signal were immobilised on nitrocellulose paper using a filtration vacuum manifold (Schleicher and Schuell, Keene, NH, USA). The paper was baked, prehybridised, hybridised and washed as described above. Some filters were also hybridised with a ribosomal probe [20] as a control for RNA loading. Autoradiography was performed by exposing Kodak X-Omat AR film (Eastman Kodak, Rochester, NY, USA) to the nitrocellulose filters at -70~ in the presence of an enhancing screen for up to 5 days. Multiple exposures (duration 1-5 days) were analysed by densitomerry (Video Densitometer BioRad, Mississauga, Ontario, Canada).
Determination of serum IGF-I and glucose
IGF-I was measured in acid-extracts of serum [21] from individual rats by a non-equilibrium radioimmunoassay using antisera provided by Drs. J.J.Van Wyk and L.Underwood and distributed by the National Hormone and Pituitary Program. Iodinated trace was obtained from Amersham Canada Ltd. (Oakville, Ontario, Canada) and a serum pool derived from 10 normal male rats (250-300 g BW) was used as a standard. Results are expressed as U/ml where 1 unit is equivalent to 940 ng of human recombinant IGF-I (Amgen Biologicals, Thousand Oaks, Calif, USA). All samples where a comparison was made were analysed in the same assay. The within assay coefficient of variation was less than 9%. Serum glucose was measured using a glucose oxidase technique (Sigma).
Statistical analysis
For comparison between treatment groups, individual rat liver RNA samples or uterine RNA samples, pooled from 4-8 rats, were treated as independent observations and compared to a single control pool of hepatic or uterine RNA derived from 11 non-diabetic ovex rats. In each case the IGF-I mRNA concentration in the control RNA pools was arbitrarily attributed a value of 1. Significant differences between treated and control rats were determined for various parameters using Student's t-test.
Results
Rats were randomised so that there was no significant difference in the mean body weight in each group of rats at the start of the experiment. The percent change in body weight for each group of animals is shown in Table 1 . Effects of streptozotocin-diabetes on body weight, serum glucose and insulin-like growth factor-I concentrations in rats
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Body weight (% change a) Glucose (retool/l) IGF-I U/ml Northern blot analysis of hepatic RNA from non-diabetic and diabetic ovariectomised rats treated with 17-beta estradiol. Fifty micrograms of total RNA extracted from pooled liver tissue was analysed. The upper panel depicts the pattern of hybridisation obtained with rat IGF-I cDNA while the lower panel shows hybridisation of the same filter with a 28s ribosomal probe as a control for gel loading. Lane 1 and 2 represent RNA from non-diabetic ovex rats, whereas RNA from diabetic ovex rats has been loaded in lanes 3, 4 and 5. Groups of rats treated with estradiol and insulin are shown as E2 and I respectively Table 1 . The rats treated with STZ lost approximately 7% of their body weight over the 7 day period after treatment. In the same period normal rats gained approximately 9% of initial body weight. In each group of diabetic rats the mean body weight was significantly reduced compared to non-diabetic rats. The serum glucose was significantly elevated (p <0.0005) in all groups of diabetic rats except those which received insulin 6 h prior to death. Serum IGF-I concentrations were significantly reduced in diabetic rats compared to normal control rats (Table 1) . While administration of E2 had no effect on serum glucose or IGF-I concentrations in normal rats, administration of E2 significantly reduced IGF-I concentrations in diabetic rats (p<0.05, Table 1 ). Acute administration of insulin (10 U/rat) lowered serum glucose concentrations in diabetic rats to levels which were not different from control rats; however, serum IGF-I concentrations remained significantly depressed compared to nondiabetic rats (p < 0.0005).
Consistent with the reduced serum IGF-I concentration in diabetic rats, hepatic IGF-I expression was decreased in diabetic rats (Fig. 1) . Each of the major groups of IGF-I transcripts was present in hepatic RNA from diabetic rats and the relative abundance of the various groups of IGF-I transcripts was similar in diabetic and normal rats. When IGF-I mRNA was quantitated in individual liver samples from diabetic rats the mean concentration was reduced to 49 + 5% of that seen in the normal rats p < 0.005 (Fig. 2) . Hepatic IGF-I m R N A abundance was reduced to approximately the same level in both intact and ovex diabetic rats (Fig. 2) . Uterine IGF-I m R N A was not significantly different in diabetic compared to non-diabetic rats (Fig. 3) .
While STZ-diabetes had little effect on uterine IGF-I m R N A abundance ovariectomy significantly reduced uterine IGF-I m R N A to 18.7__1.6% of intact controls, p < 0.01 (Fig. 3) . Ovariectomy had no significant effect on hepatic IGF-I m R N A (Fig.2) ; nor did administration of E2 to either diabetic or non-diabetic rats effect hepatic IGF-I expression. Acute administration of insulin did not reverse the diminished hepatic IGF-I m R N A abundance apparent in diabetic rats (Fig. 2) .
In contrast to intact rats, uterine IGF-I expression was significantly reduced in ovex-diabetic rats compared to non-diabetic ovex controls (Fig.3) . Furthermore, the uterine IGF-I mRNA response was significantly less in E2-treated diabetic ovex rats than E2-treated non-diabetic ovex rats, 3.56+0.63 vs 6.51 _+ 0.75 arbitrary units, p < 0.05. In contrast, in diabetic rats which received concurrent administration of insulin at the time of E2 injection, uterine IGF-I expression was significantly enhanced (p < 0.05). A similar trend was seen in a separate experiment where insulin and E2 were administered to diabetic ovex rats; uterine IGF-I was increased 14.3 + 2.6-fold, whereas a 10.4+ 1.2-fold increase was seen in non-diabetic ovex rats injected with E2. In contrast acute administration of insulin alone had no effect on uterine IGF-I mRNA abundance (data not shown).
The effect of E2 on uterine weight is shown in Table 2 . Administration of E2 significantly increased uterine wet weight in both diabetic and non-diabetic rats; however, there was no significant difference in E2 induced uterine weight gain seen in diabetic rats compared to normal rats.
As previously reported [14] each of the groups of IGF-I transcripts demonstrable in hepatic RNA was also apparent in RNA extracted from uterine tissue; however, the level of IGF-I expression was considerably lower in uterine tissue compared to hepatic tissue. When analysed by the Northern blot technique, uterine IGF-I expression was reduced in diabetic intact rats compared to normal control rats (Fig.4A) , although this difference did not achieve statistical significance when multiple RNA pools were analysed by Data represent the mean + SEM. The significant difference from untreated ovariectomised rats is shown dot-blot hybridisation (Fig. 3) . Administration of E2 to both diabetic and non-diabetic ovex rats resulted in an increase in IGF-I mRNA abundance; however, this effect was more marked in non-diabetic rats (Fig. 4 B and C) confirming the results obtained by dot-blot hybridisation.
Discussion
Spontaneous and experimentally-induced diabetes in the rodent is characterised by severe growth retardation [2, 6] and impaired cellular proliferation in many tissues in response to a number of stimuli [7] [8] [9] . Impaired activation of IGF-I gene expression in response to various growth stimuli may account for the defect in cellular proliferation apparent in the diabetic rat. In this report the IGF-I response of the uterus to E2 has been examined to determine whether there is a defect in IGF-I gene activation in the diabetic rat in response to this growth stimulus. The data reported here demonstrate that both hepatic IGF-I mRNA abundance and the E2-induced increase in uterine IGF-I gene expression are significantly reduced in the STZ-diabetic rat.
The abundance of uterine IGF.-I mRNAs was significantly less in E2-treated diabetic ovex rats compared to E2-treated non-diabetic ovex rats (3.56_+ 0.63 vs 6.51 +_ 0.75, p < 0.05). Since the yield of RNA was similar in all treatment groups, 0.8-1.1 mg/g wet weight, and equal amounts of RNA from each group were analysed, these data represent an absolute reduction of IGF-I mRNA, and presumably its translated product, in uteri from E2-treated diabetic ovex rats. This observation together with the increase in uterine wet weight demonstrates that while the uterus of the diabetic rat is still able to respond to E2, the response seen is attenuated in the diabetic rat.
Previous investigations of uterine estrogen responsiveness in the diabetic rat have yielded conflicting data with significant impairment of some but not all parameters of estrogen action. Ekka et al. [22] reported normal estrogen receptors and subcellular distribution of tritiated E2 in the uteri of diabetic rats. Furthermore, E2-induction of the estrogen-induced protein (IP) was similar in diabetic and non-diabetic rats [22] . In contrast, Kirkland et al. [15] reported that while early responses to E2 (such as the increase in uterine weight and luminal cell length) were normal in diabetic rats, a significant defect in DNA synthesis and/or cellular division was apparent in these animals. They concluded that there was an uncoupling of the normal uterine growth response in the diabetic rat so that early responses such as protein and RNA synthesis and cellular hypertrophy proceeded while cellular proliferation was partially blocked. It is of interest In addition to reduced GH secretion an important component of the growth retardation seen in diabetic rodents is resistance to G H action as determined by the failure of exogenous GH to stimulate growth and restore tow plasma IGF-I concentrations [6, 24] . The mechanisms involved in this apparent resistance to GH are not known. However, the observations reported by Scheiwiller et al., [25] that administration of IGF-I is able to stimulate growth in diabetic rats supports the hypothesis that the major defect is in activation of IGF-I expression. The data reported here support the hypothesis that there is a defect in IGF-I gene activation in the diabetic rat effecting not only growth hormone-induced IGF-I expression but also IGF-I gene activation in response to another stimuli.
Since uterine estrogen receptor concentrations are normal in the diabetic rat [22] , the defect in E2-induced uterine IGF-I expression probably resides at the post-receptor level. A post-receptor defect in G H activation of IGF-I has also been demonstrated in the diabetic rat [6] . It is of interest that insulin appears to rapidly reverse the defect in uterine responsiveness while having no significant short term effects on hepatic IGF-I expression. The failure of insulin to acutely restore hepatic IGF-I expression may reflect a persistent inhibition of pituitary GH secretion rather than continuing hepatic resistance to GH action. Further studies are necessary to determine whether the impaired uterine IGF-I response to E2 reported here and the post-receptor defect in GH action reported previously [6] , reflect a more generalised defect in activation of IGF-I expression in the diabetic rat.
